A thermodynamic model for determining the surface tension of molten ionic mixtures derived by considering the ionic radii was extended to ternary silicate melts. The composition dependence of the surface tensions of molten silicates in ternary systems, was reproduced by the present model using surface tension information, the molar volumes of pure oxides, as well as the anionic and cationic radii of the component oxides in the system.
Introduction
The surface tension of molten silicates is a key parameter in industrial processes at high temperatures, and a large volume of experimental surface tension data has been reported for silicate melts. 1) Despite the development of several models [2] [3] [4] for evaluating the surface tension of molten oxide mixtures, which were in fact thermodynamicallybased on Butler's equation 5) with a procedure proposed by Speiser et al., 6) a number of problems still remain. These problems include for example discrepancies between the calculated results of the surface tension of molten slag and literature values, a lack of thermodynamic data in multicomponent oxide and fluoride systems, etc.
Tanaka et al. 7) recently developed a model for evaluating the surface tension of molten ionic mixtures, based on the ratio of cationic and anionic radii as the model parameters. This model is characterized by the simplicity with which it can be extended to multi-component systems, because the calculations are based only on the surface tension, molar volume and ionic radii of the pure components in the system. This model has also been applied to binary silicate melts.
7) The calculated results reproduced the composition dependence of the surface tension of silicate melts in certain binary systems. In this calculation, however, the hypothetical surface tensions of certain pure molten oxides below their melting points are necessary, because oxides such as CaO and MgO have rather high melting points. In addition, there is a lack of reliable experimental data for the surface tension of some pure oxide melts. Therefore, the surface tensions of some pure oxides have to be treated as model parameters. Furthermore, the cation to anion ratio in SiO 2 was also used as a parameter in this model, since the minimum anion unit in SiO 2 was considered to be SiO 4
4Ϫ
, although, the effective radius of SiO 4 4Ϫ is unknown. In this work, the temperature dependence of the surface tension was evaluated for pure oxides not only in the liquid phase, but also below their respective melting points, to extend the above model to address the surface tension calculations in molten ternary silicates. The calculated surface tensions were compared with the experimentally obtained data for binary and ternary silicate melts composed of SiO 2 , Al 2 O 3 , CaO, FeO, MgO or MnO. Here, the ratio of the cationic and anionic radii for SiO 2 was also discussed, along with the evaluation above.
Model for Evaluating Surface Tension of Molten Silicates

AX-BY System
The surface tension (s) of the AX-BY melt is calculated from Eqs. (1) and (2) (4) where it is assumed that Si 4ϩ is cation, and SiO 4 4Ϫ is anion unit in order to evaluate the ratio of cationic and anionic radii for SiO 2 (1) and (2) have been derived from Butler's equation 6) by considering assumptions [1] and [2] . 7) [1] It is well known that molten ionic mixtures readily undergo surface relaxation processes, such as the spontaneous changes in ionic distance at the surface, enabling the energetic state of the surface to approach the bulk state. Thus, the contribution from excess Gibbs energy terms is neglected in Butler's equation. [2] In ionic substances, it is well known that the ionic structures depend upon the ratio of the cationic to anionic radii. In order to evaluate the ionic structures and physico-chemical properties of ionic materials, we should consider the ratio of the cationic and anionic radii.
AX-BY-CZ System
The surface tension (s) equations for the AX-BY-CZ melt are expressed on the basis of Eqs. (1) and (2) where Subscripts A, B and C are cations, and X, Y and Z are anions. Superscripts Pϭ'Surf' and 'Bulk' indicate the surface and bulk, respectively. R A , R B and R C correspond to the radii of cations A, B and C, and R X , R Y and R Z are the radii of anions X, Y and Z. The ionic radii data were taken from the data compiled by Shannon, 8) while the molar volumes of the pure oxides, as recommended by Mills and Keene, 9) were used in the present calculations. These values are listed in Tables 1 and 2 , respectively. 
Results and Discussions
The surface tensions of the pure oxides used as parameters in the present model were evaluated by minimizing the differences between the calculated s results and the literature values.
1,10-31) For this purpose, it is advisable to use the literature data in as many systems as possible, and for as many temperatures. Therefore, for evaluation purposes, almost all of the available literature data for ternary silicate systems containing Al 2 O 3 , CaO, FeO, MgO or MnO, were collected over the wide composition and temperature ranges in SLAG ATLAS 2nd Edition. 1, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] The selected oxide systems and targeted temperatures are listed in Table  3 . The total number of literature values is 457. In this study, the value s SiO 2 (mN/m)ϭ243.2ϩ0.031T (K) was used as the surface tension of molten pure SiO 2 , as suggested by NIST.
32)
In addition, the ratio of the cationic to anionic radii for SiO 2 was reassessed through the above evaluation. It is generally known that SiO 4 4Ϫ ions exist as the minimum anionic unit in SiO 2 in silicate slags. [33] [34] [35] In our previous work, 7) the R Si ϭ0.5 was selected as a parameter for the calculations in the present work as well as in the previous work. slag can be calculated from information relating to the surface tension and molar volume of pure oxides, as well as from the cationic and anionic radii in the system, the results reproduce the composition dependence of the experimental data at various temperatures in binary and ternary silicates.
Conclusions
A thermodynamic model for evaluating the surface tension of molten ionic mixtures by considering their ionic radii was extended to silicate melts in various ternary systems. The calculated results obtained using the present model reproduced the composition dependence of the surface tension of molten silicates in ternary systems.
